A c. 1450 Ma, east-west-oriented suite of Proterozoic mafic intrusions in eastern Canada, located between Labrador City and coastal Labrador near Rigolet, has been divided into two groups: the Shabogamo Gabbro, which is exposed west of Churchill Falls, and the Michael Gabbro, which crops out east of Churchill Falls. Both suites of gabbro are within-plate tholeiites that range from sub-alkaline basalt to basaltic andesite in composition and are enriched in P 2 O 5 and K 2 O. Collectively, the two suites are better interpreted as a single magmatic event, termed the MichaelShabogamo Gabbro (MSG), with ages ranging from 1425 to 1450 Ma, based on new U-Pb isotope dilution thermal ionization mass spectrometry baddeleyite ages of 1449 6 3, 1437 6 4 and 1435 6 10 Ma, along with previously published ages. Within the MSG, two geochemical groups are evident. Most notably, each is characterized by differing P 2 O 5 /Zr (P/Zr) ratios: (1) a high P/Zr group, c. 1425-1437 Ma; (2) a low P/Zr group, c. 1435-1450 Ma. The positive slope of P 2 O 5 versus Zr data arrays for each group indicates that melting of apatite was pivotal in influencing the rare earth element concentrations of the MSG magmas and their secular changes in geochemistry. K 2 O is enriched in the MSG relative to enriched mid-ocean ridge basalts and is correlated with P 2 O 5 , Ba and Rb. Multiple origins for the enrichment of P 2 O 5 and K 2 O in the MSG are considered and the available evidence is most consistent with melting of a metasomatized subcontinental lithospheric mantle source interpreted to originate by infiltration of partial melts of phosphate-rich sediments. A slab window is proposed to have facilitated lithospheric melting at c. 1425-1450 Ma.
INTRODUCTION
The Michael-Shabogamo Gabbro (MSG; Fig. 1 ) is one of a number of prominent Proterozoic mafic magmatic suites in eastern Laurentia that range in age from c. 1450 to c. 1100 Ma. They include the c. 1290 Ma NainHigh Phosphorus (HP) and c. 1280 Ma Nain-Low Phosphorus (LP) dykes, the c. 1250 Ma Mealy dykes, and c. 1220 Ma Seal Lake Group sills and volcanic rocks (Gower et al., 1990; (Fig. 1b ; Table 1 ). The mafic suites occur as dykes and sills, except for the Seal Lake Group, which also includes lava flows. All the suites are sub-alkaline, tholeiitic, transitional to alkaline, and petrogenetically classified as within-plate basalts (Gower et al., 1990) .
Despite its within-plate chemistry the MSG has been emplaced in what is inferred to be a continental-margin magmatic arc setting that existed along the SE margin (present coordinates) of Laurentia from Labrador to Texas between 1500 and 1230 Ma. This arc and back-arc margin underwent several periods of compression and The lone sample near the SE portion of the Lac Joseph terrane is exposed in a tectonic window of the Molson Lake terrane. CCRA, Cape Caribou River allochthon; CF, Churchill Falls terrane; G, Gagnon terrane; GB, Groswater Bay terrane; HR, Hawke River terrane; LJ, Lac Joseph terrane; LM, Lake Melville terrane; ML, Molson Lake terrane; MM, Mealy Mountains terrane; RW, Red Wine Mountains terrane; WL, Wilson Lake terrane. (b) Location of the MSG evolved samples and locations of other high P 2 O 5 mafic intrusions. A, Aillik dykes; H, Harp dykes; N, Nain HP and Nain LP dykes ($150 km north of map extent); S, Seal Lake dykes; SH, Shefferville dykes; other labelling as in (a). Map adapted from Gower (1996) , and Rivers et al. (2012). extension during the Mesoproterozoic before part of the arc was entrained in the c. 1190-990 Ma Grenville Orogen, forming part of the Grenville Province. To the west of the Grenville Province the arc and back-arc margin is undeformed and hosts a granite-rhyolite province (e.g. Rivers et al., 2012; Bickford et al., 2015; and references therein) . The MSG occurs within the Grenville Province and has been variably metamorphosed, from essentially unmetamorphosed near the Grenville Front to high-pressure granulite facies near the southern margin of the Grenvillian Parautochthonous Belt Rivers et al., 2002) . The southernmost MSG bodies are the most intensely deformed and were folded during Grenvillian deformation (Rivers, 1981; Gower & Owen, 1984) .
The MSG was originally mapped in eastern Labrador as the Michael Gabbro east of Churchill Falls to the coast (Fahrig & Larochelle, 1972; Fahrig & Loveridge, 1981; Gower, 1986; Gower & Erdmer, 1988; Gower & Krogh, 2002) , and in western Labrador as the Shabogamo Gabbro west of Churchill Falls to Labrador City (Fig. 1a) (Fahrig et al., 1974; Fahrig, 1987; Rivers & Mengel, 1988) . Based on sparse geochemical and geochronological data (Table 1 ) and corresponding petrography, Gower et al. (1990) discussed the geochemical similarities of the two intrusive suites and renamed them the Michael-Shabogamo Gabbro (MSG), an interpretation also adopted in the global compilation of large igneous provinces (LIPs) by Ernst & Buchan (2001) .
In eastern Labrador, the Michael Gabbro intrusions are common within an $350 km by 50 km area elongated in an ENE direction, and crop out as parallelsided to boudinaged bodies (Gower & Owen, 1984) . They are dominantly intruded into steeply dipping folded metasedimentary gneisses of the Groswater Bay terrane (Gower, 1986) , consisting of tonalite-granodiorite orthogneiss and pelitic or psammitic metasedimentary gneiss, K-feldspar megacrystic and seriate-textured granodiorite, diorite, pyroxene-bearing granitoid intrusions and mafic rocks of various ages (Gower, 1986) .
In western Labrador, the Shabogamo Gabbro intrusions are exposed over an area $350 km by 50 km, elongated in an ENE orientation and extending SSW from Labrador City for $50 km into the province of Quebec. They dominantly intrude the gently dipping supracrustal rocks of the Lower Proterozoic Kaniapiskau Supergroup in the Molson Lake terrane (Rivers & Rb-Sr Whole-rock, minerals (Carlson et al., 1993 (Carlson et al., ) 1277 U-Pb Baddeleyite (Buchan et al., 1996) 1280 6 2Á5 U-Pb Baddeleyite (Buchan et al., 1996) 1293 þ1Á7/-2Á7 U-Pb Baddeleyite (Cadman et al., 1993 ) Aillik dykes $1100 K-Ar Whole-rock (Fahrig & Larochelle, 1972) Mengel, 1988) and include phosphatic shales of the Menihek Formation (Bell & Thorpe, 1986) . Some intrude the c. 1650 Ma Trans Labrador batholith (Wardle, 1985) , and the unconformably overlying Blueberry Lake Group and Sims Formation of Middle Proterozoic age (Rivers & Mengel, 1988) , as well as the Gagnon and Churchill Falls terranes ( Fig. 1 ; James, 1994a) . The intrusions in western Labrador also crosscut previously deformed rocks of the New Quebec orogen (c. 1800 Ma) within the southern Churchill Province (Rivers & Mengel, 1988; James, 1994a) . The Shabogamo Gabbro was variably affected by Grenvillian deformation and metamorphism at c. 1000 Ma (Rivers & Mengel, 1988) . The goal of this study is to test the hypothesis of Gower et al. (1990) that the MSG represents a single magmatic event, and the hypothesis of Rivers (1997) that the MSG was produced in a back-arc setting, based on new geochemical sampling in western Labrador, reanalysis of samples from eastern Labrador collected by C. Gower using modern inductively coupled plasma mass spectrometry (ICP-MS) techniques, and Sm-Nd isotopic analyses of intrusions from both suites, allowing for a more thorough comparison of the MSG in eastern and western Labrador. We augment the two existing U-Pb zircon ages for the MSG (Schä rer et al., 1986; Connelly, 1992) with three new U-Pb baddeleyite ages. The new data improve our understanding of the mantle source(s) of the MSG, the petrogenesis of the magmas, and the formulation of a tectonic model for their emplacement.
FIELD OBSERVATIONS AND PETROGRAPHY
The MSG bodies are coronitic metagabbros (Emslie, 1983; Rivers & Mengel, 1988; Gower et al., 1990 ) that have been subjected to progressive metamorphism from greenschist to high-pressure granulite facies as a function of proximity to the Grenville Front Rivers & Mengel, 1988; Gower et al., 1990) . The least deformed rocks east of Churchill Falls consist of clinopyroxene, olivine, plagioclase and Fe-Ti oxides, with accessory apatite, biotite and potassium feldspar (Gower et al., 1990) . These rocks retain their original igneous textures and mineralogy, whereas some samples close to the Grenville Front do not retain any primary igneous textures and have been metamorphosed to amphibolites. A similar mineralogy exists within the intrusions to the west of Churchill Falls. Feldsparstaining techniques did not reveal any macroscopic potassium feldspar in these rocks. However, petrographic analysis indicates that potassium feldspar is present in our samples from trace amounts to 2 modal %, with the exception of samples that are ultramafic (Gower et al., 1990) and can be classified as pyroxenites. Rivers & Mengel (1988) suggested that the K-feldspar is part of the metamorphic mineral assemblage, not related to the coronas. Apatite was not observed in the pyroxenite samples. It is likely that the pyroxenites do not represent true liquid composition (gabbroic) and thus are excluded from geochemical variation diagrams.
The K 2 O contents of the gabbros from western Labrador are commonly not as high as those of the gabbros from eastern Labrador (up to 1Á4 wt % and 1Á7 wt %, respectively) . The mineral assemblage of the eastern Labrador Michael Gabbro suite consists of olivine, plagioclase, clinopyroxene, biotite, opaque minerals, apatite and minor K-feldspar. Accessory minerals include orthopyroxene and/or olive-green hornblende (Gower, 1986) . Samples show sub-ophitic to ophitic textures (Gower, 1986) . The gabbros from eastern Labrador (Shabogamo Gabbro suite) have a mineralogy that consists of igneous olivine, inter-cumulus augite and igneous orthopyroxene and plagioclase with relict sub-ophitic to ophitic microstructures (Rivers & Mengel, 1988) . Ilmenite and apatite are present as minor igneous phases and possible igneous biotite surrounds ilmenite (Rivers & Mengel, 1988) . The Michael Gabbro is reported to consist of olivine gabbro, norite, anorthositic gabbro and minor peridotite and pyroxenite in rare layered bodies (Gower et al., 1990 ), although we observed only pyroxenite. Gabbro pegmatites are reported to be commonly quartz-bearing and gradational into normal ophitic-textured gabbro (Wardle, 1979; Rivers, 1982) , although we never saw quartz-rich varieties or the gradation into normal gabbro.
Our analysis supports the petrographic descriptions of Brooks et al. (1981) , Emslie (1983) , Gower (1986) and Rivers & Mengel (1988) , and more detailed descriptions can be found therein. Electron microprobe analysis was not undertaken as part of this study and no mineral chemistry data are available.
Seven amphibolite samples thought to be part of the MSG were collected for analysis ( Fig. 1a and b) . Two of the samples were collected within 25 km of the Iron Ore Company of Canada-Rio Tinto Labrador City mine, and five samples were collected from drill core from the Iron Ore Company of Canada-Rio Tinto Labrador City mine. These MSG samples are intruded into the Kaniapiskau Supergroup within the Grenville Province, contain 1-10 mm garnets, have been metamorphosed to amphibolite facies and lack any primary igneous features. The amphibolite samples include metamorphic amphibole (30-45%), biotite (30-45%), plagioclase (10-20%) and garnet (trace to 15%), with trace amounts of quartz (Supplementary Data Appendix 2, Fig. A2-1 ; supplementary data are available for downloading at http:// www.petrology.oxfordjournals.org).
The MSG intrusions contain ubiquitous metamorphic coronas around olivine. The least metamorphosed assemblages in the north contain thin double or triple coronas with an inner rim of hypersthene and an outer rim of hornblende with possible spinel (Emslie, 1983; Rivers & Mengel, 1988) . To the south, the coronas become thicker, and clinopyroxene is observed intergrown with amphibole in the outer coronas (Emslie, 1983; Rivers & Mengel, 1988) The olivine core is replaced by hypersthene and clinopyroxene, and garnet forms a partial outer corona rim in some assemblages with sporadic oxide rims (Emslie, 1983; Rivers & Mengel, 1988) . The significance of the coronas has been thoroughly discussed by Emslie (1983) and Rivers & Mengel (1988) , and although they are not discussed further here, samples that have corona textures were used in the geochemical interpretation of the MSG. At the highest metamorphic grades the corona structures have been obliterated (Emslie, 1983) . Rivers & Mengel (1988) determined that chemical diffusion was limited to within individual coronas (centimeter scale) and thus the coronas are considered to be closed systems. This is consistent with our whole-rock geochemistry data, which show that the MSG samples with and without coronas are geochemically indistinguishable (Fig. 2a) .
We found that igneous layering is present in $30% of outcrops west of Churchill Falls. The igneous layering is commonly due to grain-size variations of the rockforming minerals between layers. The contacts between layers can be sharp to gradational, and have either parallel or irregular boundaries ( 
METHODS AND ANALYTICAL PROCEDURES Analytical protocol for U-Pb geochronology
Separation of baddeleyite for dating was performed using the water-based technique of Sö derlund & Johansson (2002) . Each of the three samples selected for dating yielded $40 dark brown baddeleyite grains of good quality without any trace of alteration (e.g. frosty zircon alteration rims), which would have complicated the isotope dilution thermal ionization mass spectrometry (ID-TIMS) dating (Sö derlund et al., 2013) . The best quality baddeleyite grains were transferred to TeflonV C dissolution capsules (1-5 per capsule) and rinsed repeatedly in ultrapure 7M HNO 3 and water to dilute the Pb blank. An ultrapure HF-HNO 3 mixture was then added to the dissolution capsules together with a 205 Pb- [233] [234] [235] [236] U tracer solution. Capsules were then placed in an oven at 190 C for 3 days until the grains were completely dissolved. After dissolution, the samples were dried down on a hotplate and re-dissolved in ultrapure 6M HCl with the addition of ultrapure 0Á25M H 3 PO 4 before again being dried down on the hotplate. The samples were then dissolved in 2 ll of silica gel and loaded on outgassed Re filaments.
The U and Pb isotopic compositions were measured at the Department of Geosciences at the Swedish Museum of Natural History in Stockholm using a Thermo Finnigan Triton mass spectrometer equipped with Faraday cups and a secondary electron multiplier (SEM). Pb isotope analyses were measured in dynamic (peak-jumping) mode using the SEM. & Sun, 1995) ; NMORB, normal mid-ocean ridge basalt (McDonough & Sun, 1995) ; OIB, ocean island basalt (Workman and Hart 2005) ; LC, lower crust (Rudnick & Gao, 2003) ; UC, upper crust (Rudnick & Gao, 2003 Fig. 1b for locations.) Data from . ( 
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C. Procedural blanks were measured at 0Á6 pg Pb and 0Á06 pg U at the time these analyses were run. Mass fractionation is 0Á1% per mass unit for Pb, determined by replicate analyses of NBS standards SRM 981 and SRM 983. U fractionation was determined from the deviation between the measured 233 U/ 236 U isotopic ratio of the sample and the spike ratio. Initial Pb isotopic compositions were taken from the model common Pb evolution curve (Stacey & Kramers, 1975 
Analytical methods for geochemistry
Sixty-seven samples were collected in the field for geochemical analysis and an additional 89 previously processed powders were obtained from the Geological Survey of Newfoundland and Labrador, Geological Survey of Canada and the Iron Ore Company (Rio Tinto, Iron Ore Group). These samples cover the geographical area between Rigolet to west of Labrador City (Fig. 1a  and b) . The sample suite of this study covers the traditionally defined Michael and Shabogamo Gabbro. Samples were collected from rock outcrops, and weathered portions were removed in the field. Maps of dyke and sill exposures obtained from the Newfoundland and Labrador provincial government were compiled in an ArcGIS environment ( Fig. 1a and b ; Wardle, 1981 Wardle, , 1982a Wardle, , 1982b Wardle, , 1984a Wardle, , 1984b Wardle, , 1993 Rivers, 1985a Rivers, , 1985b Rivers, , 1985c Rivers & Massey, 1985; Wardle et al., 1985; James, 1991 James, , 1993 James, , 1994b James, , 1994c James, , 1997 Gower, 2010a Gower, , 2010b Gower, , 2010c Gower, , 2010d Gower & Erdmer, 2010) . Latitude and longitude coordinates for all samples are listed in Supplementary Data Appendix 1A.
In the laboratory, samples were cut into multiple 1 cm thick slabs and any remaining weathering surface was removed. A single representative slab was selected and flat surfaces were polished with 120 grit carborundum powder to remove any metal contamination introduced during the cutting process. Some of the slab material was repeatedly crushed in a Chipmunk jaw crusher and sieved until all crushed material was less than 2 mm, before being milled to less than 200 mesh in an agate ring mill. A pre-contamination aliquot was processed prior to the crushing and milling stages. Tools and working surfaces of the crusher and mill were cleaned with ethyl alcohol between each sample. These steps were used to reduce risk of cross-contamination of trace elements and isotopes between samples.
Pre-powdered samples obtained from the Geological Survey of Newfoundland and Labrador, Geological Survey of Canada, were processed in a ceramic ring mill, and the Iron Ore Company samples were all processed in a steel ring mill. The processing procedure for those samples from the Geological Survey of Newfoundland and Labrador has been described in Applied Research Laboratories, Ultrasonic Nebulization document II 170796 (Finch, 1998) .
Approximately 20 g of <200 mesh powder from each sample were sent to ALS Laboratories (North Vancouver, Canada: http://www.alsglobal.com/) for major, minor and trace element analysis. Sample powders were sintered with a lithium metaborate flux before being dissolved and analyzed for 55 major oxide, minor and trace elements via inductively coupled plasma atomic emission spectroscopy (ICP-AES) and ICP-MS. The major element oxide abundances were recalculated to a 100% anhydrous basis for plotting. The precision of repeat analyses of a blind internal standard and blind duplicate samples and the average of two BVHO-2 samples with US Geological Survey (USGS) certified values and selected samples from this study are listed in Table 3 [full data set in Supplementary Data Appendix 1A; other samples used from Table 4 .
RESULTS

Description of samples for U-Pb dating
Sample 13-CR-08-03b is a medium-to coarse-grained gabbro from the western part of the study area ( Fig. 1a ) that is in contact with a foliated granitoid. The sample was collected from a coarser grained area of the intrusion away from chilled margins. The hand specimen mineralogy is c. 50-60% plagioclase (3-12 mm), 30-40% pyroxene (2-10 mm) and 2-5% Fe-Ti oxides. In thin section there is 2-5% biotite (1-3 mm), 2-5% K-feldspar (0Á2-1 mm), and trace amounts of fibrous hornblende (0Á1-0Á5 mm) and apatite (0Á1-0Á5 mm). The sample retains most of its primary sub-ophitic texture, plagioclase is not sericitized, and myrmekitic texture is sparse. However, coronas are present, and biotite appears to be growing around cores of Fe-Ti oxides.
Sample CG83-006 is a coarse-grained gabbro from the eastern part of the study area (Fig. 1a) . The sample contains c. 40-50% dark grey plagioclase, 30-40% pyroxene and 5-10% oxides. In thin section there is c. 2-5% biotite 1-3 mm in size, 2-5% K-feldspar 0Á2-1 mm in size, and trace amounts of apatite 0Á1-0Á5 mm in size. The sample retains most of its primary sub-ophitic texture, the plagioclase is not sericitized, and myrmekite texture is sparse.
Sample FA71-04 is a medium-to coarse-grained gabbro from the northeastern part of the study area.
The sample contains c. 40-50% plagioclase, 40-50% pyroxene and 5-10% oxides. In thin section there is c. 2-5% biotite 1-3 mm in size, 5-10% K-feldspar 0Á2-1 mm in size, and trace amounts of apatite 0Á1-0Á5 mm in size. The sample still retains most of its primary subophitic texture, and the plagioclase is not sericitized. U concordia plots are shown in Fig. 3 .
Geochronology results
Sufficient
Three of four multi-grain (2-3 grains) fractions of baddeleyite from sample FA71-04 are normally discordant ( 1Á5%), whereas one fraction plots slightly above the concordia curve (Fig. 3a) . Regression of all four points yields upper and lower intercepts of 1449 6 3 Ma and c. 490 Ma, respectively [mean square weighted deviation (MSWD) ¼ 2Á8]. The 1449 6 3 Ma intercept age is interpreted to date crystallization of this sample. The significance of the lower intercept age is unknown.
Three of the four fractions of sample CG83-006 are concordant, yielding a 206 Pb age as the best estimate for this sample because the three fractions cluster near concordance, but report both ages.
The result of the four fractions analyzed for sample 13-CR-08-03b is similar to that of CG83-006, with three fractions plotting almost concordantly and one fraction that is discordant by 3Á5% (Fig. 3c) . The upper intercept is 1435 6 10 Ma and is interpreted to date the crystallization of this sample.
The U/Th ratio was estimated for the majority of fractions (calculated from the recorded 206 Pb/ 208 Pb ratio). These ratios are very high for FA71-04 and CG83-006 (112-320), and high for 13-CR-08-03b (21-60), testifying to the low affinity of Th over U in igneous baddeleyite.
The majority of analyses for these three samples plot on concordia within their analytical uncertainties or are slightly discordant. No sign of alteration of the baddeleyite grains (e.g. polycrystalline zircon rims) was discernible under the microscope. The discordance observed is therefore interpreted to reflect minor diffusion of lead without any direct link to a thermal or metamorphic event (see Mezger & Krogstad, 1997) .
Geochemistry of the Michael-Shabogamo Gabbro
For the chemistry of the MSG rocks to reflect their original igneous character, it is important that the compositions of the MSG rocks remained a closed system during post-emplacement metamorphism or other secondary geological processes. In a Nb/Yb-Th/Yb diagram, which uses immobile trace elements as proxies for crustal contribution versus depth of melting ( Fig. 4 ; Low P/Zr Low P/Zr Low P/Zr Low P/Zr High P/Zr High P/Zr Low P/Zr Low P/Zr High P/Zr High P/Zr (1986) . It should be noted that sample number for the geochemistry may have been mislabeled by James (1994a) , as DJ-90-2302 and DJ-90-2303 are listed with the same UTM coordinates, and no geochemical data are reported for DJ-90-2303 (C. Saunders, personal communication, 2014) . We assume they are the same sample for comparison of the chemistry with the geochronology. Geochemistry for DJ-90-2302 and FA71-04-02 taken from James (1994) and Ernst & Buchman (2004) , respectively. LOI, loss on ignition. Pearce, 2008) , the MSG samples cluster above the enriched mid-ocean ridge basalt-ocean island basalt (MORB-OIB) array, indicating that they essentially remained a geochemically closed system. Additionally, the primary magmas were probably produced from a mildly enriched mantle source and interacted with either metasomatized lithospheric mantle or the crust during their evolution (Pearce, 2008) . The MSG rocks are sub-alkaline basalt to basaltic andesite in composition (Fig. 5) as shown in the trace element diagram Zr/Ti vs Nb/Y (Pearce, 1996) . They have some major and trace element characteristics that are atypical of intraplate basalts, especially in P 2 O 5 , K 2 O and the middle rare earth elements (MREE) (Figs 3 and 4; Supplementary Data Appendix 2). Some of the MSG rocks plot within the trachybasalt to basalt fields in a total alkalis versus silica (TAS) diagram (not shown; Le Bas et al., 1986) , indicating that other geological processes, such as alteration or metamorphism, have affected the alkali elements, particularly K 2 O. In classification diagrams that use fluid-mobile elements (i.e. Ba, Na 2 O) the data show characteristics that trend from plate margin basalts to within-plate basalts or show subduction-related affinity (not shown; Condie, 2005) or within-plate affinity.
The MSG rocks have Mg#s that range from 30 to 65, in comparison with primary mantle-derived magmas, which have Mg#s > 65, and so most MSG magmas have undergone some subsequent differentiation. To identify mantle source characteristics, samples that represent the most primitive magma compositions of the MSG need to be identified. To do so, the geochemical dataset was filtered by selecting rocks that have SiO 2 <52 wt % and MgO from 4 to 9 wt % to represent mantle melts that experienced minimal lithospheric interaction or fractional crystallization. Any sample having a europium anomaly (Eu*/Eu) value <0Á8 or >1Á1 is considered to have fractionated or accumulated plagioclase, respectively, and is also removed from consideration as a potential 'primary' magma.
In addition, we utilize an unpublished ternary diagram with Co, Sc, and Al 2 O 3 Â 4 at the apices (J. A. Pearce, personal communication, 2016 ; Supplementary Data Appendix 2, Fig. A2-5) , in which any sample that falls outside the main cluster is considered an outlier owing to crystal accumulation or crystal fractionation that drew the magma composition away from the main cluster. Specifically, trends away from Co indicate excess olivine fractionation, trends away from Sc indicate excess pyroxene fractionation, and trends away from Al 2 O 3 indicate excess plagioclase fractionation. Trends towards the apices indicate corresponding crystal accumulation in the melt. As noted in Supplementary Data Appendix 2, Fig. A2-5 , most of the data plot as a central group (outlined in black) and the outliers were removed from further consideration as potential primary magmas. As a result of the filtering, 83 samples were identified as reflecting the most primitive magma compositions [Supplementary Data Appendix 1A; other samples used from have our classification listed in Appendix 1B], and only these samples will be considered further in this study. The MSG can be split into two geochemical groups based on the P 2 O 5 /Zr ratio (P/Zr; Fig. 2b ; after Winchester & Floyd, 1976 ): a high P/Zr group (>2Á10) and a low P/Zr group (<2Á10). Here, the term group is applied to a compilation of geochemically similar samples and does not imply stratigraphic or geographical variations. P 2 O 5 and K 2 O are highly enriched compared with typical enriched mid-ocean ridge basalt (E-MORB) values (McDonough & Sun, 1995) , with values as high as 1Á78 wt % and 4Á08 wt %, respectively. Additionally, P 2 O 5 and K 2 O enrichments are inversely correlated, where the low P/Zr group has a higher K 2 O/P 2 O 5 ratio and the high P/Zr group has a lower K 2 O/P 2 O 5 ratio (Supplementary Data Appendix 2, Fig. A2-6 ). The MREE (Gd, Nd, and Sm) are well correlated with P 2 O 5 compared with other incompatible elements (e.g. Zr, Yb and Y; Fig. 6a ). Large ion lithophile elements (LILE; e.g. Rb, and Ba) are well correlated with K 2 O, unlike other & Sun, 1995) ; N-MORB, normal midocean ridge basalt (McDonough & Sun, 1995) ; OIB, ocean island basalt (Workman and Hart 2005) ; LC, lower crust (Rudnick & Gao, 2003) ; UC, upper crust (Rudnick & Gao, 2003) .
incompatible elements (Th, Y, Yb, or Zr; Fig. 6b ). The samples collected from western Labrador generally have higher concentrations of P 2 O 5 and Zr, and the P/Zr ratio is slightly lower in the high P/Zr group, compared with samples from eastern Labrador (Supplementary Data Appendix 2, Fig. A2-6 ). In eastern and western Labrador, the ratio of P/Zr does not vary in the low P/Zr group. The western Labrador amphibolite samples belong to the high P/Zr group and are indistinguishable from non-amphibolite samples (Fig. 2b) . Trace element diagrams show that the MSG rocks are enriched in light REE (LREE), with normalized multielement plots for these samples showing positive anomalies for P, K and Ti, negative anomalies for NbTa, and Sr, and in some MSG rocks, negative anomalies for P and Ti (Fig. 7a-d ). Only samples with >150 ppm Zr are plotted in the normalized multi-element diagrams to ensure the samples were correctly assigned to high or low P/Zr groups, as the P/Zr groups overlap at Zr concentrations <150 ppm (Fig. 2b) . Because of their erratic behavior and variable large positive and negative anomalies, Cs and Pb are not plotted in Fig. 7 . The normalized incompatible element patterns for eastern and western Labrador MSG samples are similar, with the exception of the U-shaped negative anomaly between Th and Ta in eastern Labrador versus the V-shaped negative anomaly between Th and Ta in western Labrador. This difference is due to lower U and Th in MSG rocks from eastern Labrador. Rare earth element diagrams for the MSG show consistent slopes from (La/ Lu) CN (where CN indicates chondrite normalized). This suggest either a low degree of partial melting or a high degree of partial melting with assimilation of a crustal component (Fig. 8a-d) .
Nd-isotopic analyses of 25 samples of the MSG yield eNd (i) values that cover a small range from -6 to -4 spread over all Mg# values (Table 4 ; Supplementary Data Appendix 2, Fig. A2-7) . The depleted mantle model (T DM ) ages of the MSG samples range from 2304 to 2610 Ma, with one sample calculated at 2866 Ma. The eNd (i) values for MSG samples from western or eastern Labrador completely overlap (Supplementary Data Appendix 2, Fig A2-8) .
DISCUSSION
Amphibolite samples of the Kaniapiskau Supergroup
It is unknown why the petrography of the amphibolites is distinct from that of the rest of the MSG rocks. Two possible explanations exist: either they are volcanic equivalents to the MSG and were affected more significantly by regional metamorphism (T. Rivers, personal communication, 2018) or they are not related to the MSG. Because these samples lack primary igneous features it is not possible to determine whether they were a volcanic equivalent to the MSG. However, geochemically these six samples consistently plot within or in (a) Eu and Gd, which have mineral-melt partition coefficients in apatite of 9Á6 (Paster et al., 1974) and 10Á54 (Prowatke & Klemme, 2006) , respectively, and Sc, which has a partition coefficient of 0Á22 (Paster et al., 1974) , show similar incompatibility trends to P 2 O 5 . Sr, which has a high partition coefficient of 2Á94 (Prowatke & Klemme, 2006) close association with the high P/Zr group (Fig. 2b) and have trace element patterns consistent with the high P/ Zr group. It is because of the geochemical similarity of the six amphibolite samples in the Kaniapiskau Supergroup that we treat them as members of the high P/Zr group.
Phosphorus and potassium enrichment: geochemical groups
Although MSG rocks have both high P 2 O 5 and K 2 O contents compared with E-MORB, their P/Zr ratios are inversely correlated with the K 2 O/P 2 O 5 ratio (Supplementary Data Appendix 2, Fig. A2-6 ). We examine the geochemical and chronological relationships of the P 2 O 5 and K 2 O enrichment, the storage of P 2 O 5 and K 2 O in the mantle, and the melting conditions for the parental magmas of the MSG, and propose a tectonic model to explain these observations.
Geochronology of the phosphorus groups
Geochronological results show that the high P/Zr group includes rocks with U-Pb zircon ages of 1426 6 6 Ma (Schä rer et al., 1986) and our new U-Pb baddeleyite age of 1435 6 10 Ma (Fig. 3c ). For the low P/Zr group, our data augment the existing U-Pb zircon age determination of 1452 þ13/-15 Ma 1452 þ13 À15 (Connelly, 1992) with two U-Pb baddeleyite age determinations of 1437 6 4 Ma (Fig. 3b ) and 1449 6 3 Ma (Fig. 3a) . Because the upper age limit of the low P/Zr group overlaps with the lower age limit of the high P/Zr group (Table 2) , it is possible that there were two discrete intervals of magmatism within the high and low P/Zr groups [i.e. magmatism at 1450 Ma (low P/Zr), 1435 Ma (high and low P/Zr) and 1425 Ma (high P/Zr)]. Alternatively, there could have been continuous magmatism between 1425 and 1450 Ma, with a change (and overlap?) in magma compositions from low to high P/Zr at c. 1435 Ma.
Sources of Michael-Shabogamo Gabbro magmas
In a suite of related magmas, the ratio (La/Sm) CN can be used as a proxy to represent either assimilation of lithosphere (mantle or crust) or the degree of partial melting, where CN represents the ratio normalized to chondrite (Sun & McDonough, 1989) . Either a higher crustal contribution or a lower degree of mantle partial melting generally increases the concentration of La more than Sm in a melt, because of the slightly higher incompatibility of La. As the degree of partial melting increases the difference in incompatibility between La and Sm is less important, causing the La/Sm ratio to decrease. Variable degrees of mantle partial melting cause a fanning of the LREE in a normalized multi-element plot (Rollinson, 1993) . Generally, crustal rocks have a higher ratio of La/Sm than the mantle, and any magma produced from melting of the crust, or a magma that has assimilated crustal rocks, will have a high La/Sm ratio compared with pure mantle melts. In normalized REE plots, samples considered to be part of the same geochemical group will tend to have the same (La/Sm) CN and REE pattern. If crustal contamination were a factor in the evolution of the chemistry of the MSG samples, then there would be variations in key trace element and isotopic ratios with decreasing Mg#, such as an increase of La/Sm ratio and a more negative eNd, a relationship that is not observed (Supplementary Data Appendix 2, Fig. A2-9) . Additionally, assuming a mantle eNd value of þ6 and a highly radiogenic continental crust eNd value of -20, utilizing the batch mixing formula of Shaw (1970) it would take $15-20% mixing of continental crust to achieve the observed eNd values of -4 to -6 in the MSG. Thus, whereas crustal assimilation is not considered to be a major process in the evolution of the more primary MSG magmas, it may be a minor factor, and may be significant in more evolved magmas.
The ratio (Gd/Yb) CN can be used as a proxy for depth of melting ( Fig. 9 ; Á lvaro et al., 2014), as garnet in a peridotite retains Yb preferentially over Gd (Pearce, 2008) and ratios over $2 indicate melting within the garnet peridotite stability field of the mantle (Á lvaro et al., 2014) . On the basis of light/middle REE (LREE/MREE) [(La/Sm) CN ¼ 1Á20-4Á22] and middle/heavy REE (MREE/ HREE) [(Gd/Yb) CN ¼ 1Á21-2Á09] ratios it can be inferred that the MSG magmas were derived by variable degrees of partial melting of the mantle, perhaps including minor crustal components, and that melts were generated primarily within the spinel stability field of the mantle. (Sun & McDonough, 1989) ; EMORB, enriched mid-ocean ridge basalt (McDonough & Sun, 1995) ; NMORB, normal mid-ocean ridge basalt (McDonough & Sun, 1995) ; OIB, ocean island basalt (Workman and Hart 2005) ; LC, lower crust (Rudnick & Gao, 2003) .
Neodymium isotopes are useful to distinguish between mantle sources. The MSG samples have a limited range of eNd (i) values from -6 to -4 over a large range of . If crustal contamination of mantle-derived magmas was a major process, then there should be a larger variation of eNd (i) owing to mixing between low negative eNd (i) values of the crust with the high positive eNd (i) values of the mantle. The limited range and low values of eNd (i) (-6 to -4) , show no correlation with either SiO 2 or MgO concentrations, thus indicating that the mantle source of the MSG had the isotopic characteristics of old lithosphere (Supplementary Data Appendix 2, Fig. A2-7 ). This conclusion is consistent with the calculated depleted-mantle model ages of c. 2870-2300 Ma (DePaolo, 1988) .
Origin of excess phosphorus and potassium
It is clear from the geochemistry of the high and low P/ Zr groups that the MSG magmas have had a complex petrogenetic history. It is challenging to produce basaltic magmas from anything other than an ultramafic mantle source, as partial melts of mafic crust produce higher-silica magmas such as dacites (e.g. Peacock et al., 1994) . P 2 O 5 and K 2 O values in typical E-MORB are around 0Á14 wt % and 0Á25 wt % (McDonough & Sun, 1995) , respectively, whereas the majority of the most primitive magmas of the MSG have values up to 1Á00 wt % and 2Á00 wt %, respectively. Potential processes that could affect P 2 O 5 and K 2 O in MSG magmas relative to most mantle-derived magmas include crustal assimilation, fractionation with or without continuous recharge, and melting of a metasomatized fluid-enriched mantle Sun, 1995) would require more than 70% fractionation of olivine, plagioclase and pyroxene, along with melting of $7% magnetite to produce the residual magma (Table 5; Carr, 2002) . This crystal fractionation estimate is based on a parent magma with an Mg# of $0Á6 and a P 2 O 5 of 0Á15 wt %, which are values close to an MgO-rich E-MORB. Daughter magma compositions were chosen from MSG samples that have an Mg# of $0Á5 and a P 2 O 5 content of 0Á75 wt %. Fractionation calculations also assume perfect incompatibility for P 2 O 5 , which results in a daughter liquid with only 0Á75 wt % P 2 O 5 . That amount of fractionation produces higher-silica magmas than the MSG. Additionally, it is difficult to fractionate P from K during either low-pressure or high-pressure crystallization of plagioclase, olivine, or pyroxene in mafic magmas. Therefore, we conclude that it is improbable that crystal fractionation or crustal assimilation are processes that produced the difference between the low P/Zr and high P/Zr melts.
Metasomatized fluid-enriched mantle
If high P 2 O 5 and K 2 O values in MSG rocks are not the result of fractional crystallization or crustal interaction, then the source of both elements must be in the mantle. However, both elements are much more abundant than would be expected if the MSG magmas were derived from the asthenosphere ( Fig. 2a; after Winchester & Floyd, 1976) . Thus, a mechanism is required to enrich the MSG source in both P 2 O 5 and K 2 O compared with typical upper mantle. A plausible mechanism to explain the enrichment in P 2 O 5 and K 2 O in the mantle source of the MSG rocks is contamination of the mantle through carbonatite metasomatism. Some researchers (e.g. McCoy-West et al., 2015; Scott et al., 2016) have suggested that carbonatite fluids may be able to enrich the subcontinental lithospheric mantle (SCLM). However, the only recognized carbonatite intrusions located near the MSG have ages of c. 555-590 Ma (Tappe et al., 2006) , more than 850 Myr after emplacement of the MSG. It is because of the considerable time difference that it is unlikely that the MSG magmas were enriched by carbonatite fluids.
Another mechanism to explain the enrichment of P 2 O 5 and K 2 O in the MSG magmas is subduction of phosphate-rich sediments beneath Laurentia, which then metasomatized the overlying mantle. Typical Archaean and Proterozoic shale concentrations are 0Á10 and 0Á12 for P 2 O 5 and 3Á07 and 3Á62 for K 2 O, respectively (Condie, 2003) . The shales contain abundant K 2 O that could enrich the SCLM, but an additional phosphatic component in the shale would be required to also enrich the SCLM in P 2 O 5 . There are two phosphate-rich sediments that are preserved in western Labrador: turbidite sequences of the Menihek Formation (Bell 7; Thorpe, 1986) and an unnamed Ca-rich tuffaceous unit that is also high in P 2 O 5 (Conliffe, 2017) . Erosion and subduction of these P-rich rocks could provide the extra P 2 O 5 necessary to enrich the mantle source region of the MSG magmas. A similar phosphorus-rich source has not been identified in eastern Labrador. However, depending on the paleocurrent direction (currently unknown) of the rivers supplying the sediment for western Labrador, they may have also deposited the same Prich sediment in eastern Labrador. The highly negative eNd values in MSG rocks, well below either chondritic or depleted mantle values at 1450 Ma, indicate that the mantle source is probably the SCLM rather than the asthenosphere. It is the metasomatized subcontinental lithospheric mantle (M-SCLM) that subsequently melted to produce the P-and K-rich primary basaltic magmas parental to the MSG.
A long-lived subduction zone has been proposed at this time in the evolution of eastern Laurentia (Rivers et al., 2012) , and the subducting plate could have transported P 2 O 5 -and K 2 O-rich sediments into the mantle beneath Laurentia. If the subducting slab was descending at a low angle beneath the overriding lithospheric plate, then dehydration of the slab sediments could add dissolved elements such as K and P into the overlying lithospheric mantle. The slab also acts as an insulator between the hot asthenosphere beneath the slab and SCLM above the slab, thereby preventing fluid-induced melting of the SCLM at the time of subduction. There are modern examples of metasomatized lithospheric mantle sources for mafic lavas in the Sierra Nevada and the margins of the Great Basin in the western USA (Ormerod et al., 1991; Cousens et al., 2008 Cousens et al., , 2011 Farmer et al., 2013) . These studies show that, although the Great Basin magmatism is recent, the metasomatism may have occurred as far back as the Precambrian, almost 1 Gyr prior to eruptive activity. The mechanism for enrichment of the lithospheric mantle beneath the Great Basin could be comparable with that of the mantle source of the MSG, where earlier Precambrian subduction-related processes resulted in an M-SCLM that was then partially melted at c. 1450 Ma.
Mantle storage of phosphorus and potassium
To store the P 2 O 5 and K 2 O from a subducted phosphate-rich sediment in the mantle, a mineral phase for each element is required. Apatite is a major phosphate mineral that is stable within the lithospheric mantle (Frost, 2006; Konzett et al., 2012) . In addition to P 2 O 5 enrichment in the MSG magmas, there is also an enrichment of K 2 O relative to typical E-MORB values (McDonough & Sun, 1995) . During metasomatism K 2 O is often enriched in the mantle, but it is rarely observed along with P 2 O 5 enrichment. If P 2 O 5 is enriched in a garnet lherzolite mantle source, apatite can be associated with phlogopite (Konzett et al., 2012 , and references therein). When plotted against P 2 O 5 , the MREE ( Fig. 6a ; Eu, Sc, Nd, Sm and Gd) have the same groupings as seen in the plot of P 2 O 5 vs Zr ( Fig. 2b; after Winchester & Floyd, 1976) . Apatite has high partition coefficients for the MREE, making it a strong candidate to influence the MREE distribution, yet Sr, which has a high partition coefficient for apatite (d ¼ 2Á94; Prowatke & Klemme, 2006) , does not show the same distribution, indicating that another mineral phase or subsequent geological processes may have affected the distribution of Sr in the MSG magmas. If LILE (e.g. Ba or Rb) that have partition coefficients >1 in mica (phlogopite?; Rollinson, 1993) are plotted against an incompatible element such as Y, they show the same patterns and groupings that are seen in the plot of K 2 O vs Y (Fig. 6b) , making phlogopite mica a strong candidate to control the LILE distributions in the MSG.
Additionally, a residual phlogopite content in the source could explain the difference in data plotting on a TAS diagram as transitional between subalkaline to alkaline rocks vs tholeiitic basalt on the corresponding Zr/ Ti vs Nb/Ti diagram (Pearce, 1996) . If the M-SCLM is enriched in phlogopite then the subalkaline to alkaline trend in the TAS diagram is a reflection of the addition of K 2 O to the melt and not post-emplacement enrichment.
Melting of the metasomatized lithosphere
Based on the above, we conclude that the P 2 O 5 and K 2 O enrichments in the MSG rocks were produced from melting of apatite and phlogopite in an M-SCLM. Because apatite preferentially melts at low temperatures, it is normally consumed even at low degrees of partial melting (Watson, 1980) . Our observations show that the high P/Zr group is the youngest (latest) of the two groups, and that older (earliest) MSG rocks have lower P/Zr, which is counter-intuitive if the P 2 O 5 in the MSG is derived from a single mantle source in which apatite was an early melting phase.
The P 2 O 5 and K 2 O anomalies in the partial melts of lithospheric mantle are conceivably a result of one or more of three processes: (1) different degrees of partial melting leading to different amounts of apatite and phlogopite melting out of the metasomatized mantle for each group; (2) distinct sources having different amounts of apatite and phlogopite; (3) stability of apatite in the presence of a fluid (fluid released during the melting of phlogopite). These processes are discussed and evaluated below.
Anomalies generated by different degrees of partial melting?
If the two geochemical groups were derived by different degrees of partial melting, then the normalized multielement plots should show a fan-like pattern of the most incompatible elements (Rollinson, 1993; Pearce, 2008) . This relationship is not observed (Ba to P, Fig. 7 ; and La to Sm, Fig. 8) . Instead, the normalized multielement plots show a close parallelism and overlap of the patterns of samples in both P/Zr groups. In a plot of La/Sm vs La, the La/Sm ratio should decrease as the La decreases as the degree of partial melting increases, which is not what is observed in the MSG (Supplementary Data Appendix 2: Fig. A2-9 ).
Anomalies generated by distinct melting sources?
The second possibility for generating anomalies in the MSG is melting of distinct sources, where one source is apatite-poor and mica-rich and a second source is apatite-rich and mica-poor. For this scenario to work the mantle composition (proportions of olivine and pyroxene) has to be nearly identical for both batches of melt, with variation only in the amount of apatite and phlogopite. Otherwise the normalized REE patterns would have more variation in shape. Additionally, there is no geographical split of high and low P/Zr groups, which are intermixed (Fig. 1a and b) .
Anomalies generated by apatite sensitivity
Studies have shown that apatite is stable in garnet lherzolite mantle (Konzett & Frost, 2009 ) when hydrous phases are present and the melting temperature of apatite is much higher (Watson, 1980) . If the first increments of melt generation in the SCLM included H 2 O (derived by melting of phlogopite or other hydrous minerals) or Cl, then apatite remains stable and does not melt. Initial melting includes lherzolite mantle and phlogopite or other less stable hydrous minerals, releasing H 2 O into the melt phase. Once the mantle has been sufficiently dehydrated, the residual apatite becomes unstable and can then undergo melting in a later event or at more advanced degrees of melting.
Initial melting of hydrous minerals followed by the destabilization and later melting of apatite can explain the secular changes in geochemistry of the MSG from low P/Zr and high K 2 O/P 2 O 5 to high P/Zr and low
This relationship is demonstrated in Supplementary Data Appendix 2, Fig. A2-6 , a plot of K 2 O/P 2 O 5 vs Mg# that shows that the older low P/Zr group has a higher ratio of K 2 O/P 2 O 5 , and the ratio of K 2 O/P 2 O 5 is consistently lower in the high P/Zr group compared with the low P/Zr group. Therefore, progressive melting of the SCLM, beginning with melting of phlogopite and later switching to melting of apatite, appears to be the best model for generating the variations in K 2 O and P 2 O 5 with age for the MSG.
Apatite and phlogopite contain $19 wt % P 2 O 5 and 11 wt % K 2 O, respectively, in their crystal structures. Assuming that the release of a fluid from the melting of phlogopite (10 wt %) stabilized and prevented melting of apatite (15 wt %), then 5-10% partial melting of M-SCLM produces values close to those observed in the The peridotite composition is from Stewart (2002) . The peridotite is a sample from the Cape Smith belt in Labrador Canada. Mineralogy was estimated from the sample description, except P and K values were calculated using 11% P 2 O 5 and 19% K 2 O in the crystal structures and assuming 10% apatite and 15% mica in the M-SCLM. Ol, olivine; Opx, orthopyroxene;
Cpx, clinopyroxene; Sp, spinel; Pl, plagioclase; Mic, Fe-mica; Ap, apatite; Kd, partition coefficient; % Diff., per cent difference between measured concentration and calculated concentration; IC, initial concentration; Bulk Kd, bulk partition coefficient for the melt; MC, melt concentration; RC, residual concentration; F, degree of partial melting; D, bulk distribution coefficient. The residue mineral assemblage and residual concentration were used as the initial mineral assemblage and initial concentrations for the low P/Zr magma generation. Bulk partition coefficients are from Paster et al. (1974) , Rollinson (1993) , LaTourrette et al. (1995) and Prowatke & Klemme (2006) . Calculations for melt concentrations and residue concentrations used the bulk melting formulae from Shaw (1970) ; the % Diff. values were calculated using % Diff:
¼ j sample conc:Àcalc conc: sample conc:
j.
low P/Zr MSG (Table 6 ). Further melting of the residual, apatite-bearing mantle (10% to $20-25%) produces trace element concentrations similar to those observed in the high P/Zr groups (Table 6) .
Melt generation models for the MichaelShabogamo Gabbro
To generate melting in the mantle there needs to be an increase in temperature, a decrease in pressure, or an introduction of fluids into the locus of melting (e.g. Winter, 2010). As demonstrated above, the geochemical and Sm-Nd isotope data indicate that the MSG magmas were produced from an M-SCLM. There are several possibilities to generate melting of the M-SCLM to produce the parental melts of the MSG. The most plausible models include the following: (1) subduction with fluidinduced melting of the mantle wedge; (2) upwelling of a mantle plume, with or without the presence of a subducting slab; (3) decompression melting of thinned lithosphere as a result of back-arc rifting; or (4) formation of a slab window or lithospheric mantle delamination generating an increase of temperature of the base of the SCLM through the influx of hot asthenosphere.
The plume model
Some researchers (e.g. Gower et al., 1990; have suggested that the MSG rocks have an intraplate signature characteristic of a mantle plume. At c. 1450 Ma, the source of E-MORB should have a positive eNd between þ5 and þ10, based on the present-day isotopic composition of E-MORB (Cousens et al., 2017) . However, the MSG rocks have consistent eNd (i) values around -5. A plume source can be further evaluated when eNd (i) is plotted against (Nb/La) PM (where PM indicates primitive mantle normalized), a ratio that varies from >1 in most OIB or E-MORB to <1 in arc lavas Stracke et al., 2005; Cousens et al., 2017) . Appendix 2 (Fig. A2-12 Fig. A2-10 ). Such an array is not observed. Alternatively, some LIP events [e.g. the Central Atlantic Magmatic Province (CAMP); Callegaro et al., 2014] include enriched lithospheric mantle melts but lack melts of the plume that is proposed to drive the LIP event. Thus, the plume acts solely as a heat source that allows the overlying lithospheric mantle to melt, with no magma contribution from the plume. In a subduction-zone setting, it might be possible for a plume to penetrate a subducting slab and melt the metasomatized SCLM to generate the MSG magmas. There are proposed examples of a plume breaking through a slab (e.g. Murphy et al., 1999) but other researchers have questioned if the mechanical strength of a plume is sufficient to pierce a subducting slab (e.g. Camp et al., 2015) .
The rifting (back-arc) model
Rifting in oceanic back-arc basins produces magmas that range in composition from MORB, in the backarc, furthest from the subducting slab, to island arc tholeiites (IAT; includes a subduction component) closest to the active volcanic front (Cousens et al., 1994; Taylor & Martinez, 2003; Pearce & Stern, 2006) . The subduction component includes contributions from subducted sediments and/or altered oceanic crust that are likely to be transported into the mantle wedge via fluids, but the major contribution of melt comes from the mantle wedge itself (Cousens et al., 1994; Taylor & Martinez, 2003; Pearce & Stern, 2006) . Compared with MORB, back-arc basalts are mildly enriched in LILE and depleted in high field strength elements (HFSE) (Pearce & Stern, 2006) . Rifting in continental back-arc regions commonly produces bimodal magma suites that include basalt to intermediate or rhyolitic magmas (Donnelly-Nolan, 1988; MacLeod & Sherrod, 1988; Donnelly-Nolan et al., 2008) . Woodhead et al. (1994) utilized HFSE (e.g. V/Ti vs Ti/Zr) plots for mafic rocks to distinguish between island arc and back-arc settings. The MSG samples plot within the back-arc field in that diagram, but there are no other rocks of that age that would represent the island arc suite that could be linked to this potential back-arc suite. Rivers et al. (2012) , Bickford et al. (2015) and references therein suggested that a long-lived subductionrelated arc-back-arc basin system existed for 250 Myr along the eastern Laurentia margin, starting at c. 1500 Ma at what is now identified as the Granite Rhyolite Province, which extended from the Grenville Province in Labrador, through Ontario, to the southern USA. Rivers (1997) proposed that 1520-1420 Ma juvenile granitoid magmas emplaced in southeastern Laurentia and contemporaneous high-grade regional metamorphism are indicative of an active margin environment, whereas emplacement of the MSG intrusions inboard from, but subparallel to, the Laurentian margin is evidence of back-arc extension. In theory, the MSG is in a geological setting that could have been a back-arc basin. However, the MSG rocks have neither a MORBlike component in their chemical or isotopic characteristics nor a transitional component from MORB-like to subduction-like (low-silica mafic to high-silica andesite or rhyolite magmas) in their chemistry (Fig. 5) . Based on the lack of similarities to modern continental or oceanic back-arc magmatic systems, a back-arc basin origin for the intrusions of the MSG is not our preferred model, but cannot be completely discounted based on geochemistry alone.
The slab window or slab rollback model
A final option that we consider is a period of low-angle ('flat') slab subduction, followed by opening of a slab window (e.g. Thorkelson & Taylor, 1989) and/or slab rollback (e.g. Cousens et al., 2011 ) that allowed hot asthenosphere to be juxtaposed against the base of the M-SCLM, causing melting in the M-SCLM. A low-angle subduction model suggests that the subducting slab is descending at a shallow enough angle such that there is little to no mantle wedge, but is at an angle steep enough that the sediments may not be entirely removed into the accretionary prism (Plank & Langmuir, 1993) . With this mechanism, both slab-derived fluids and fluids from subducted sediments can be transferred into the SCLM to metasomatize it over a long-time period. Gower & Krogh (2002) suggested that flat subduction may have occurred in eastern Labrador between 1460 and 1230 Ma.
In a slab window setting, exposure of the SCLM to the asthenosphere occurs through an opening in the subducting slab that induces melting in the SCLM. Openings in the subducting slab may be created through subduction of spreading centres or transform faults (Thorkelson & Taylor, 1989) . For a slab window model to be a viable model to generate the magmas of the MSG, the window would have to be parallel to the trench and occur from 1425 to 1450 Ma along the length of the eastern Laurentia margin. One way to do this would be to subduct a spreading ridge, similar to the model suggested by Gower & Krogh (2002) , that has short segments separated by transform faults, and where the ridge orientation is at a low angle to the trench margin (see fig. 5 of Thorkelson, 1996) . Subduction of a segmented spreading ridge could also explain the 115 km long region in which the MSG rocks are absent for $100 km east of Churchill Falls, whereby 'fraternal' slab windows (Thorkelson, 1996) opened for the eastern and western MSG, but a slab window was not opened beneath the central region east of Churchill Falls.
A process that may also expose asthenosphere to the base of the SCLM is slab rollback (Collins, 1994 (Collins, , 2002 Cousens et al., 2008 Cousens et al., , 2011 Cousens et al., , 2013 Ganguly et al., 2009) . Slab rollback results from a decrease in plate convergence rate, causing the low angle of slab subduction to steepen, such that the hinge line of the subducting slab begins to migrate back towards the trench. As the subduction angle steepens, the mantle wedge grows in width and depth. The subducting slab would have to subduct under the same conditions as in the slab window model above (i.e. an initial low subduction angle) so no mantle wedge is present, but steep enough so that the sediments remain on the subducting slab. If slab rollback is the mechanism that produced the magmas for the MSG then, like the slab window model, the subducting slab has to roll back along the ridge simultaneously exposing the M-SCLM to the asthenosphere within the 25 Myr period of MSG magmatism.
When referring to the 'funnelled flat subduction' proposed by Gower & Krogh (2002) , Rivers et al. (2012) argued that 'since "regular" back-arc magmatism is inferred to have taken place up to 1500 km inboard of a Proterozoic continental-margin arc in Scandinavia (Å hä ll et al., 2000) , it is unclear whether an appeal to a special tectonic process is necessary'. We acknowledge that an arc-back-arc system existed along Scandinavia, and the eastern margin of the continental USA (present coordinates; Rivers et al., 2012; Bickford et al., 2015; and references therein) . However, we note that along the present-day margin of the western continental USA current theories have slab windows and slab rollback occurring at the same time as 'normal' arc tectonics (Farmer et al., 1989 (Farmer et al., , 2002 (Farmer et al., , 2013 Kusky & Young, 1999; Lagabrielle et al., 2000; Cousens et al., 2008 Cousens et al., , 2011 Cousens et al., , 2013 , and this could represent a modern-day analogue for the MSG. In addition to our proposed slab window or slab rollback models for the MSG in Labrador, Easton (2016a , 2016b , personal communication, 2018 suggested that one of the mechanisms that produced geochemically similar magmas to the MSG in Ontario may have been slab rollback. Therefore, it is not inconceivable that during existence of the c. 1500-1250 Ma continental-margin arc, periods of slab window or slab rollback magmatism may have occurred to generate the c. 1425-1450 Ma MSG in Labrador.
At this point it is not possible to determine if a slab window or slab rollback is responsible for generation of the MSG. However, based on the available data we favour one of these mechanisms being responsible for generation of the MSG, rather than magma generation from c. 1450 Ma subduction, a back-arc basin or plume activity.
Duration of metasomatized subcontinental lithospheric mantle melting events in eastern Laurentia
The c. 1290 Ma Nain-HP (Cadman et al., 1993) , c. 1280 Ma Nain-LP dykes ( Fig. 1b; Buchan et al., 1996) , and the imprecisely dated (K-Ar) c. 1100 Ma Aillik dykes (Fig. 1b; Fahrig & Larochelle, 1972; are enriched in P 2 O 5 compared with E-MORB, much like the MSG. We hypothesize that melting events in the metasomatized SCLM may have persisted beneath eastern Labrador for c. 325 Myr after the MSG bodies were emplaced, such that all of these different igneous events (from 1450 to 1100 Ma) sampled a Penriched metasomatized SCLM. When the post-MSG dykes are plotted on a P 2 O 5 vs Zr (Fig. 2c) diagram, the Nain-LP, Seal Lake and Harp groups largely overlap with the high P/Zr group of the MSG, whereas the Aillik and Nain-HP dykes have P 2 O 5 enrichment that is even greater than that of the MSG. Curiously, the imprecisely dated c. 1300 Ma Shefferville dykes ( Fig. 1b ; ) that are exposed along the western side of Labrador are not enriched in P 2 O 5 compared with E-MORB. A more extensive geochemical and isotopic study of these other dykes in Eastern Laurentia is required to definitively link their geochemistry with the influence of a P 2 O 5 metasomatized lithosphere, as we have interpreted for the MSG.
CONCLUSIONS
The Michael-Shabogamo Gabbro (MSG) is an atypical intraplate mafic suite of rocks that was emplaced between $1450 and 1425 Ma in a 50 km Â 350 km belt that later became incorporated into the northern Grenville Province. It comprises sub-alkaline tholeiites that have high P 2 O 5 and K 2 O compared with typical upper mantlederived mafic rocks. New U-Pb ages of 1449 6 3, 1437 6 4, and 1435 6 10 Ma presented here augment previously published ages of 1426 6 6 Ma by Schä rer et al. (1986) and 1452 þ15/-13 Ma by Connelly (1992) .
Detailed U-Pb geochronology and geochemical analysis of the MSG has 10 implications.
(1) The MSG can be divided into two geochemical groups based on their P 2 O 5 /Zr ratios: a high P/Zr group and a low P/Zr group.
(2) The MSG rocks were emplaced in two overlapping events at c. 1435-1450 Ma (low P/Zr group) and c. 1435-1425 Ma (high P/Zr group).
(3) P 2 O 5 and K 2 O concentrations are inversely correlated between the high and low P/Zr groups, with relatively higher K 2 O and lower P 2 O 5 concentrations in the low P/Zr group and relatively lower K 2 O and higher P 2 O 5 concentrations in the high P/Zr group.
(4) Highly negative eNd values and trace element ratios [e.g. (Nb/La) PM ] do not support back-arc, subduction or plume-related settings as the source for the MSG, but do indicate an old subduction-modified mantle source.
(5) The source for the most primitive magmas of the MSG was elevated in P 2 O 5 and K 2 O compared with depleted upper mantle and with modern mantle plume sources; this could only have been metasomatized subcontinental lithospheric mantle.
(6) It is unlikely that the metasomatism was derived from carbonatite fluids, but it is hypothesized that subduction of phosphate-rich sediments metasomatized the SCLM, enriching it in P 2 O 5 , K 2 O, and the REE.
(7) Elevated P 2 O 5 and K 2 O above that normally present in SCLM were stored in apatite and phlogopite in the M-SCLM.
(8) The P/Zr ratios are inversely correlated with time (e.g. older MSG units have the lowest P/Zr ratio and vice versa), thereby indicating that melting of apatite increased and the melting of phlogopite decreased over time as the M-SCLM dehydrated.
(9) The melts required to produce the MSG may have been the result of the opening of a slab window, allowing the influx of hot asthenospheric mantle to partially melt the M-SCLM.
(10) The M-SCLM may have persisted for at least 325 Myr after the MSG, because younger mafic intrusions in Eastern Laurentia, as young as c. 1100 Ma, are also enriched in P 2 O 5 .
